Efs was originally found by expression cloning of a mouse embryo cDNA library through its Fyn-SH3 binding capacity (Ishino et al., Oncogene 11, 2331 ± 2338 . Efs has characteristic regions important in intracellular signal transduction; these are an SH3 domain, a cluster of putative ligands for SH2 domains and proline-rich sequences with SH3-binding consensus. In this paper, we report cDNA cloning of human Efs and a variant of it from a hippocampal cDNA library. The human Efs gene was mapped to chromosome 14q11.2-q12 by¯uorescence in situ hybridization. We identi®ed two forms of human Efs, designated hEfs1 and hEfs2. hEfs1 represents the human counterpart of original mouse embryo Efs (mEfs1). hEfs2, the newly identi®ed form, is identical to hEfs1, except for its lack of the SH3 domain. hEfs1 and mEfs1 are 80% identical in their amino acid sequences and 100% identical within the SH3 domain. Reverse transcription polymerase chain reaction analysis of adult mouse tissue RNA indicated expression of Efs2 and of Efs1 in various tissues. Evidence suggesting the presence of the Efs2 protein in human tissue was obtained by immunoprecipitation followed by immunoblotting with two dierent anti-Efs antibodies. Possible functions of Efs2 are discussed.
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We have identi®ed by cDNA cloning a novel protein that is bound to the SH3 (Src homology 3) domain of the protein-tyrosine kinase Fyn . We named the protein Efs for the embryonal Fynassociated substrate because its RNA was most abundantly expressed in the mouse embryo. The protein has itself one SH3 domain very similar to that of p130
Cas (Sakai et al., 1994) in its amino acid sequence. Efs also has a cluster of YXXP motifs, the substrate region, which are phosphorylated by protein-tyrosine kinases and mediate binding of Efs to c-Crk and other SH2 proteins (Sakai et al., 1994; Songyang et al., 1993) . Phosphorylation of Efs on tyrosine residue(s) was detected in vivo and in vitro Alexandropoulos and Baltimore, 1996) . Efs has two consecutive proline-rich motifs, RPLPALP and RPLPPPP, and YDYV motif next to the YXXP cluster; and binding of the SH3 and SH2 domains of the Src family kinases to these motifs has been expected (Songyang et al., 1993; Nakamoto et al., 1996) . A speci®c association of Efs with Fyn, but not with Src, was shown in a PCC4 cell lysate by in vitro kinase assay . High expression of Efs was found only in the embryo and placenta, although lesser expression was found in the adult brain and brainstem. The presence of variously sized species of Efs mRNA in some tissues prompted us to search for Efs variants by cDNA cloning of human Efs.
A phage library of human hippocampal cDNA was screened with the cDNA fragments encoding mouse embryo Efs as a probe. After repeated screening, we identi®ed ®ve independent positive clones from 8610 6 plaques (see Figure 1a) . Digestion with restriction endonucleases and partial DNA sequencing revealed that clones 111 and 141 were basically included within longer clones except for the poly(A) sequence of clone 141, which started 15 bp (base pairs) after the ®rst polyadenylation signal (AATAAA) present in the 3'-noncoding region of the longer clones, 20c, 14b and 31: these clones had the second polyadenylation signal which was utilized by them for poly(A) additions. The roles of the two dierent poly(A) addition sites resulting from the two AAUAAA in the 3'-noncoding region of the human Efs transcript is not clear. It is possible that some signaling motifs related to stabilization or translocation of mRNA could exist in the 3' sequence area from the ®rst poly(A) addition site; the region which mRNA with a shorter 3' end lacks. However, no motif of that kind, including the mRNA degradation signal, AUUUA (Shaw and Kamen, 1986; Akashi et al., 1994) , was found in this region.
The cDNA sequence of clone 20c was contained in the sequence of clone 31 except that clone 20c had a complete deletion in the sequence encoding the SH3 domain. Although clone 14b had an extra sequence of 0.6 kb at its 5'-end, we did not include it in the cDNA sequence of human Efs for the two reasons; ®rst, no other clone obtained from human and mouse cDNA libraries had the same or corresponding sequence region and second, the 0.6 kb region starts from poly(A), which is unusual as a cDNA sequence. The results of direct sequence analysis of clones 20c and 31 are shown in Figure 1b . The longest open reading frame of clone 31 predicted a protein product of 561 amino acid residues, which we designated human Efs1 (hEfs1). hEfs1 was 80% Figure 1 Human Efs cDNA clones and sequence of full-length Efs cDNA. A human (normal female, 2-year old) hippocampus cDNA library (Stratagene) was screened with a 32 P-labeled 769 bp DNA probe corresponding to the 357 bp 5'-noncoding and adjacent 412 bp coding regions of the mouse embryo Efs cDNA sequence . The probe was labeled with [ 32 P]dCTP by the use of a BcaBEST random-priming kit (Takara). Initially, two positive clones (h712-14 and h712-20) were isolated from 2610 6 screened plaques. Plasmids containing the cDNA fragments were excised according to the manufacturer's protocol and cDNA inserts were sequenced by the dideoxy chain termination method after preparation of internal deletion mutants. The same cDNA library was further screened with fragments, MscI-BglII (nucleotides 610-1214) and PvuII-PvuII (nucleotides 633-953 and 1020-1499), derived from the ®rst clones as probes. Cas (Polte and Hanks, 1995) with mouse and human Efs1. The SH3 domain and Pro-rich sequence motifs are boxed. YXXP motifs are underlined. (d) Alignment of the amino acid sequences for comparison of SH3 domains. Single-letter codes are used for the amino acid sequences. The sequences were taken from the GenBank Database. The unique Asn residues present in Efs-related molecules are marked with an asterisk identical with mouse Efs (mEfs) in its amino acid sequence (Figure 1c) . The variant without the SH3 domain was designated hEfs2 and had 468 amino acid residues. This isoform lacked the entire SH3 domain but was otherwise the same as hEfs1. In p130 Cas , the Nterminal extra sequence present in its longer isoform (Sakai et al., 1994 ) is inserted at the very position corresponding to the site in the Efs sequence at which the SH3-deletion of its shorter isoform starts. If these isoforms resulted from alternative splicings, it is possible that similar isoforms are present in both p130
Cas and Efs. The amino acid sequences of the SH3 domains are about 70% identical among Efs, p130
Cas and HEF1 (Law et al., 1996) . This number is very high since the amino acid sequences of dierent types of SH3 domains are usually 30 ± 40% identical (Figure 1d ). Among the SH3 domains of Src family kinases, amino acid sequence homologies are 77% between Fyn and Src and 52% between Fyn and Lck. We found that the amino acid sequences of mouse and human Efs SH3 domains are 100% identical. This ®nding suggests a fundamental role(s) of this SH3 domain in cellular function because the rest of the amino acid sequences of mouse and human Efs are only 78% identical.
RT ± PCR analysis revealed that Efs was expressed in all adult mouse tissues examined (Figure 2) . Identities of the PCR products were con®rmed by cloning and DNA sequencing. Bands A and B showed sequences identical to the SH3-containing and the SH3-lacking forms of Efs and may have been driven from Efs1 and Efs2 mRNA, respectively. Larger bands denoted C and minor bands between bands A and B were not able to be subcloned into plasmid vectors even after repeated trials. This may indicate that these bands were produced by nonspeci®c ampli®cation in PCR, or were too small in quantity to be cloned. The expression of both Efs1 and Efs2 as protein products was con®rmed by the use of human tissue lysate. AntiEfs immunoblotting of anti-Efs immunoprecipitates separated by SDS ± PAGE showed a clear band of 90 kDa comigrating with an authentic Efs1 protein, which was expressed in COS-7 cells from transfected hEfs1 cDNA (Figure 3 ). There were also multiple bands of 67 ± 70 kDa recognized by the same anti-Efs serum. These bands migrated very close to an authentic Efs2 protein expressed in COS-7 cells from transfected hEfs2 cDNA, although the most prominent band migrated slightly faster than Efs2. We have, however, identi®ed these bands as protein(s) closely related to, or identical with Efs2 because they did not bind a monoclonal antibody directed against the SH3 region of Efs (Figure 3, lower panel) . However, the possibility cannot be entirely excluded that the multiple bands were formed by degradation of Efs1. The origin and properties of the 36 kDa band recognized by both antiEfs antibodies is not known.
The SH3 domain has been shown to mediate speci®c binding of mSos1 to Grb2 (Li et al., 1993; RozakisAdcock et al., 1993; Egan et al., 1993) and this important protein-protein interaction links the tyrosine kinase pathway initiated at the membrane surface to the Ras pathway. The SH3 domain of p130
Cas may function in the activation of an analogous signaling pathway: FAK has been shown to bind through its proline-rich sequence to the SH3 domain of p130
Cas (Polte and Hanks, 1995) and this binding can subsequently be linked to the signaling pathway involving c-Crk and C3G, a guanine nucleotide exchanger of Rap1 (Gotoh et al., 1995 Sasaki et al., 1995; Lev et al., 1995; Avraham et al., 1995) , has proline-rich sequences, PPPKPSR and PPQKPPR, similar to the one in FAK, APPKPSR, which has been predicted to be bound to the SH3 Tissues from an adult female mouse (BALB/cAJcl) were frozen quickly in liquid nitrogen, ground into frozen powders and total RNA was prepared by using an Isogen kit (Nippon Genes, Toyama, Japan). Reverse transcription-polymerase chain reaction (RT ± PCR) analysis was performed using an Efs-speci®c primer set (GCGGATCCATGGCCATTGCCACGTC and GCGAATTCT CTCCCTCGGGTTTGAGGC) and a b-actin primer set (Stratagene). The Efs primers can amplify the DNA sequence of nucleotide positions, counting from the ®rst coding ATG, from 72 to +1061, of mouse Efs1 cDNA, which covers the entire SH3 region and the proline-rich motifs, and is tagged with EcoRI and BamHI sites as the ends. Total tissue RNA (200 ng) was reversetranscribed at 608C for 30 min and the transcripts were ampli®ed 35 cycles under the conditions of 948C 1 min-658C 1 min, with 15 s anneal/extend autoextention from cycle 21, in the presence of 0.2 pmol primers and rTth DNA Polymerase (Perkin-Elmer) according to the manufacturer's protocol. Five to 20 ml of the PCR product was resolved by electrophoresis in a 4.2% acrylamide gel, stained by ethidium bromide and visualized by Fluorimager (Molecular Dynamics). The PCR product with Efs primers from lung RNA was cut with BamHI/EcoRI, primers were removed by micro®ltration with SUPREC-02 (TAKARA, Japan) and the product was then cloned into pBlueScript. Of 35 clones thus obtained, 21 were 1.1 kb and 14 were 0.8 kb in size. Several clones of each size were selected for the DNA sequence analysis of the inserts and the results revealed that the large and small PCR products represented Efs1 and Efs2, respectively. RT ± PCR products ampli®ed with Efs-speci®c primer set (lanes 1 ± 8) and with a b-actin-speci®c primer set (lanes 9 ± 16) from RNA of cerebrum (lanes 1 and 9), cerebellum (lanes 2 and 10), kidney (lanes 3 and 11), testis (lanes 4 and 12), intestine (lanes 5 and 13), spleen (lanes 6 and 14), heart (lanes 7 and 15) and lung (lanes 8 and 16). A: SH3-containing form of Efs cDNA, B: SH3-lacking variant, C: unde®ned bands domains of p130 Cas and Efs. In a blot overlay assay, the Efs SH3 fused to glutathione-S-transferase bound the CAKb C-terminal region, which contains these Pro-rich sequences (data not shown). Thus, Efs may have a relation to the signal transduction by FAK and CAKb. However, the identi®cation of an Efs isoform that lacks the SH3 domain suggests the presence of a dierent signaling pathway. Efs2 can be regulated independent of its association with the FAK and CAKb tyrosine kinases, or it is also possible that Efs2 participates in the regulation of coupling of FAK/CAKb to those signaling proteins that associate with Efs. It is interesting to ®nd an example of such a regulation of coupling in FAK-related non-kinase, FRNK (Schaller et al., 1993; Richardson and Parsons, 1996) , which interfere with the coupling of FAK to those signaling proteins that associate with FAK including p130
Cas . The Efs-related molecules, p130
Cas , HEF1 and Efs, have SH3 domains that share a unique Asn in their sequence (Asn16 of Efs, indicated by the asterisk in Figure 1d ): at the corresponding position most other SH3 domains have Phe or Tyr. Structural studies Lim et al., 1994; Feng et al., 1994) revealed that an aromatic residue of either Phe or Tyr at this position constitutes a hydrophobic pocket and is important in a hydrophobic interaction with Val/Leu present in the proline-rich sequence motif of a ligand.
Based on the assumption that the proline-rich sequences of FAK/CAKb bind the SH3 domains of Efs/p130 Cas /HEF1 in the`minus' orientation (Lim et al., 1994) , this unique Asn present in the SH3 domains may pair with the Lys residue (Lys714 of FAK and Lys716 in CAKb) in the proline-rich motif of the ligand, which results in a hydrophilic association instead of the hydrophobic association of Phe/Tyr with Val/Leu.
In order to determine the chromosomal localization of the human Efs gene,¯uorescence in situ hybridization (FISH) was performed (Inazawa et al., 1993) . In this experiment, chromosomal sublocalization of uorescent signals was identi®ed according to replication of the G-band pattern (Figure 4) . A total of 50 Human lung and placenta were homogenized in RIPA buer. In order to obtain authentic Efs1 and Efs2 proteins, hEfs1 and hEfs2 cDNAs subcloned in SRa expression vectors (Takebe et al., 1988) were transfected into COS-7 cells. After 3 days, the cells were lysed in RIPA buer. The tissue lysates and the COS-7 lysates were subjected to centrifugation at 12 000 g for 15 min and the supernatants, 8 mg of protein of the tissue lysates and 80 mg of protein of the COS-7 cell lysates, were subjected to immunoprecipitation with anti-hEfs1 rabbit serum (indicated as aEfs), which was raised against human Efs1 (full length) protein tagged with His⋅Tag epitope (Novagen) at its N-terminus. Tissue lysates were also immunoprecipitated with rabbit preimmune serum (indicated as pre) as controls. The immunoprecipitates were subjected to SDS ± PAGE and blotted onto a PVDF membrane. The membrane was probed with the anti-hEfs1 serum (upper panel). The same membrane was then stripped of the bound antibody and reprobed with anti-EfsSH3 (aEfsSH3), a monoclonal antibody speci®c to the Efs-SH3 region (lower panel) Figure 4 Assignment of the chromosomal location of the human Efs gene. Fluorescence in situ hybridization (FISH) was performed as described elsewhere (Inazawa et al., 1993) . In brief, metaphase chromosomes were prepared by thymidine synchronization, followed by bromodeoxyuridine (BrdU) release for delineation of replication G-bands. A 2.6 kb full-length cDNA of clone 20c was used as a probe. The probe DNA (1 mg) was labeled with biotin-16-dUTP (Boehringer Mannheim) by nick translation. The hybridization was performed in a solution containing 50% formamide, 10% dextransulfate, 26SSC, and nucleic acids dissolved to the following concentrations: 50 ng/ml of biotinylated probe DNA, 0.5 mg/ml of sonicated salmon sperm DNA, and 0.5 mg/ml of Escherichia coli tRNA. The hybridization signals were detected with FITCavidin (Boehringer Mannheim) and biotinylated anti-avidin (Vector) as described (Pinkel et al., 1986 
